Large scale extragalactic jets powered by very-high energy gamma rays 
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The radiative cooling of electrons responsible for the nonthermal synchrotron emission of large 
scale jets of radiogalaxies and quasars requires quasi continuous (in time and space) production of 
relativistic electrons throughout the jets over the scales exceeding 100 kpc. While in the standard 
paradigm of large scale jets this implies in situ acceleration of electrons, in this letter we propose a 
principally different "non-acceleration" origin of these electrons, assuming that they are implemented 
all over the length of the jet through effective development of electromagnetic cascades initiated by 
extremely high energy 7-rays injected into the jet from the central object. This scenario provides a 
natural and very economic way to power the jets up to distances of 100 kpc and beyond. 

PACS: 98.62.Nx, 98.54.Gr, 98.54.Cm, 96.40.-z 
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Although there is little doubt in nonthermal origin 
of radiation of large scale extragalactic jets, it remains 
a theoretical challenge to explain how the relativistic 
electrons responsible for the radio-to-X-ray synchrotron 
emission could be distributed quite uniformly all over 
the huge length of the jet Lj et ~ 100 kpc. Although 
the recent exciting discoveries by the Chandra obser- 
vatory added much to our knowledge of structures of 
these fascinating components of powerful radiogalaxies 
and quasars, they didn't solve the old problems and, if 
fact, brought new puzzles. In particular, there remain 
yet substantial problems concerning the identification of 
the X-ray emission mechanism. The most natural mech- 
anism, the synchrotron radiation of multi-TeV electrons, 
applied in a standard manner to large scale jets, faces 
certain difficulties to interpret the observed X-ray fea- 
tures of a significant fraction of the Chandra jets (see 
e.g. Ref 0). Therefore the recent "trend" which invokes 
relativistic bulk motion with Lorentz factor as large as 
r ~ 10 (on > 100 kpc scales !), and thus increases signifi- 
cantly the efficiency of the inverse Compton scattering on 
2.7 K cosmic background radiation (CMBR) as a source 
of X-rays (|||, was readily accepted by the extragalac- 
tic jet community [0. The very idea of relativistic bulk 
motion could be very productive also for other possible 
jet models In particular, it would allow explanation 
of the broad-band data of the jet of 3C 273 by a sin- 
gle population of electrons ||. Even so, this effect does 
not solve the problem of continuous (in space and time) 
acceleration of multi-TeV electrons. The association of 
the observed X-rays to very high-energy (VHE) protons 
could be a possible solution M . 

In this letter we suggest a "non-acceleration" version 
of the electron synchrotron model, namely assuming that 
electrons are not accelerated in the jet, but are result of 
pair production of extremely high energy 7-rays inter- 
acting with the CMBR . The pair production in the field 
of CMBR and diffuse infrared background photons as 



a source of ultra-relativistic electrons created far from 
the central object (AGN) has been suggested || in the 
context of formation of giant extragalactic pair halos. 
The same process can provide ultrarelativistic electrons 
for nonthermal synchrotron X- and 7-rays in clusters of 
galaxies and beyond Q . Recently, highly collimated neu- 
tral beams (neutrons and 7-rays) have been noticed as 
possible supplier of synchrotron-emitting electrons in the 
extended jets of FRII radio galaxies [|]j7]]. 

The mean free path of 7-rays in the field of CMBR 
has a minimum L 7 w 8 kpc at E 1 ~ 10 15 eV. At both 
lower and higher energies L 7 increases - sharply (expo- 
nentially) at E 1 <C 10 15 eV (due to the threshold ef- 
fect 7-rays interact with the Wien tail of CMBR), and 



slowly, L 7 
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3> 10 15 cV due to the decrease of the cross- 
section with the parameter -E 7 -Ecmbr 3> rn\c^ . Here- 
after, E yA6 = £ 7 /10 16 eV, T 2 .7 = T/2.7 K. Thus, a 
7-ray beam with a broad spectrum extending to 10 18 eV 
can supply the jet with "desirable" VHE electrons along 
the jet, and thus power the jet up to distances ~ 100 kpc 
or even more. 

In what follows we analyze a simple model in which a 
VHE photons are injected into a cylindrical jet and, in- 
teracting with CMBR as well as with the low-frequency 
radiation of the jet itself, initiate an electromagnetic cas- 
cade, the relevant processes being pair-production (PP), 
inverse Compton scattering (ICS) and synchrotron radi- 
ation (see Fig. [l]). For numerical calculations we use the 
code described in Ref. || which solves kinetic equations 
for VHE particles cascading on soft photon backgrounds. 

The first generation of pair-produced electrons upscat- 
ter the soft background photons. Propagation length of 
electron with respect to ICS in Klein-Nishina regime is 
L £ ,kn ~ 1.5 T^E^xq kpc. The electrons suffer also syn- 
chrotron losses. 

High resolution radio observations show that the mag- 
netic field in large scale jets may dominate by the regular 
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component parallel to the jet axis, although there could 
be anomalous regions near the knots with oblique field 
components (see e.g. Ref. 0). Here we adopt a sim- 



plified picture assuming that the field consists of two - 
random and regular 





FIG. 1. Extremely high energy gamma-rays, E ^> 10 14 eV, from central engine form the "main stream" of the jet and 
provide VHE electrons throughout the entire jet. The low energy electrons below the critical energy E CI a escape the "main 
stream" and form a "shell" of the jet. Distant observer see the synchrotron and inverse Compton radiation from electrons in 
the "shell". 



(aligned with the jet axis) - components, and that the reg- 
ular component significantly exceeds the random compo- 
nent. We normalize these fields as Bo = Bo, -5 x 10~ 5 G 
and B r ~ O.OlBo = B x -7 x 10 -7 G, respectively. Gener- 
ally, if the first generation electrons appear at small angle 
to the regular magnetic field (i.e. the 7-ray beam from 
the central engine is directed along the jet), they will spi- 
ral with a small pitch angle 9 in the magnetic field Bq and 
at the same time get gradually deflected by the random 
magnetic field B r . As long as the deflection of electrons 
does not exceed a few degree, the synchrotron losses of 
electrons are dominated by the random magnetic field. 
At larger angles the synchrotron radiation in the regular 
field becomes more important. Moreover, for 9 > 30° 
the latter dominates also over the Compton losses. At 
the same time, because of the Klein-Nishina effect, the 
electrons of extremely high energies, E > 10 17 eV are 
basically cooled through the synchrotron radiation, even 
when they move at small pitch angles. 

Deflection of electrons in the jet can be approxi- 
mately described as diffusion in pitch angle J^O. 
The diffusion length Ldiff can be estimated as fll| ] 
Leas w 5 B~1 7 E% WpcWST 2 kpc , where 



The energy losses of " shell" electrons are dominated 



Zp C is 



the correlation length of the random B-field in par- 
sees and 9q is the initial opening angle of the pri- 
mary photon beam. When electrons cool down to 
~ 10 14 eV, their propagation length is determined by 
ICS L e = 0.3(T 2 . 7 )- 4 (i; e a4)" 1 kpc . When i diff be- 
comes of order of L e the cascade electrons are essen- 
tially deflected by the random B-field. Comparing the 
diffusion length to the propagation elngth we find that 
the electron trajectories below the energy -E7 cr j t = 4 x 
10 13 B 2/ „ 3 7 /p^T 2 7 7 4/3 (t9 /3 o ) 2/3 eV are randomized. Such 
electrons are cooled through synchrotron and ICS losses, 
and form a bright "shell" around the "main stream" of 
the cascade as it is demonstrated in Fig. |l|. 
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FIG. 2. Evolution of energy spectra of 7-rays (upper panel) 
and electrons (lower panel) in the "main stream" (right) and 
in the "shell" (left) of the jet. Upper panel (right): thin line 
- initial photons (at the base of the jet), dashed lines - after 
50 kpc, thick lines - 500 kpc. Upper panel (left): the syn- 
chrotron/ICS spectra of the "shell" (dashed line - after 10 6 
yr, thick solid line - after 10 s yr). For comparison the exper- 
imental points of the knot A of the quasar 3C 273 are 
also shown, assuming the knot size 1 kpc. The CMBR back- 
ground is shown by the thin solid line. Lower panel: evolution 
of electron spectra in the "main stream" and in the "shell" 
(notations are the same as in the upper panel). 

by the regular magnetic field which establish a standard 
dn e /dE e oc E~ 2 type spectrum of electrons. Corre- 
spondingly, the spectrum of synchrotron radiation be- 
haves as vF v oc t/ 5 with a maximum at his max = 
1.6 J B ,_ 5 (£ ; crit/10 14 eV) 2 keV . Note that at low ener- 
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gies a possible energy dependent-escape might make the 
electron spectrum, and subsequently the synchrotron ra- 
dio spectrum somewhat steeper. 
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3. The evolution of the injection rate of the cascade 
3 x 10 13 eV to the "shell". 



FIG 

electrons with energy E < -E cr it 
For comparison, the angular distribution of the X-ray lumi- 
nosity of the jet in the quasar PKS 1127-145 |h| is shown. 
Primary spectrum of 7-rays was taken as power-law E~ 
with a cutoff at 10 18 eV. Luminosity of the primary 7-ray 
beam is 10 46 erg/s. Total luminosity of electrons in the shell 
is 10 % of the primary beam luminosity. 

Because the spectra of Chandra jets typically extend 
beyond 1 keV, for a reasonable value of i? cr it ~ 10 14 eV, 
which is a free parameter in our model, the regular B-held 
should exceed 10~ 5 G. This explains the need in the reg- 
ular field in our model. We need sufficiently strong mag- 
netic filed in order to explain the X-ray data. The ran- 
dom field cannot play this role because such a strong ran- 
dom field would destroy the cascade from very beginning. 
On the other hand we need a cascade in order to have a 
more or less homogeneous distribution of electrons, both 
in density and energy spectrum, across the jet. Assuming 
that the maximum energy of synchrotron radiation from 
the jet lies in the X-ray energy domain, which minimizes 
the energy requirement to the source, we find the follow- 
ing relation between the random and regular magnetic 
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fields: Bl_ 7 B* 
An example of numerical calculation of evolution of pho- 
ton and electron spectra in the " main stream" and in the 
"shell" are shown in Fig. |[ 

So far we have assumed that the synchrotron back- 
ground in the jet is negligible compared to the external 
CMBR background. This seems to be the case for the 
jet in PKS 1127-145 (see Fig. ||) because the radio power 
of the jet is small However, as one can see from 

Fig. ||, the densities of CMBR and synchrotron photons 
can be of the same order, as, for example in the knot A 
of the jet in 3C 273 [O. Therefore, the interactions of 
the highest energy 7-rays with the radio synchrotron ra- 
diation may well dominate, at least in the bright knots. 
Besides, the random B-field in the knots can be stronger 
than in the rest of the jet, which would result in increase 
of .Ecr-it at which the electron trajectories are randomized. 
To demonstrate this effect we performed numerical calcu- 



lations assuming very hard 7-ray spectrum with energy 
concentrated around 10 17 eV. In Fig. || we show the evo- 
lution of rate of production of electrons in the knot, which 
determines the synchrotron luminosity of the " shell" , to- 
gether with the profile of the synchrotron X-radiation 
radiation measured by Chandra. 
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FIG. 4. Evolution of the jet's luminosity. The thin solid 
line represents X-ray data for 3C 273 jl2|, the dashed line is 
intensity profile of the synchrotron background used in nu- 
merical calculation. Thick solid line is the injection rate of 
electrons with energy E < Ecrit = 10 14 eV from the "main 
stream" of the electromagnetic cascade, i.e. the rate of "vis- 
ible" electrons injected in the jet "shell". For the primary 
spectrum of 7-rays we assumed E~ 1,5 with exponential cut 
off at 10 19 eV, which allows to avoid the large energy release 
at small distances. Luminosity of the primary photon beam 
is 10 44 erg/s. 

One can see that in the initial part of the jet, where 
synchrotron background is quite low, the rate of injec- 
tion of the photoproduced electrons into the "shell" is 
small. But in the knot A the rate increases rapidly. An 
observer who detects the jet from a side and does not 
see the " main stream" of the cascade, may conclude that 
electrons are effectively accelerated in the knot. 

Apparently, the formation of knots in the suggested 
model is a nonlinear process. The increase of synchrotron 
luminosity at some point of the jet would lead to an in- 
crease of the rate of ejection of electrons from the "main 
stream" . This, in its turn leads to the further increase 
of synchrotron luminosity and formation of bright knots. 
Note that although the radio luminosity of the jet is di- 
rectly related to the injection rate of electrons in the 
"shell", and therefore to the VHE 7-ray luminosity of 
the central source, it depends on some other factors as 
well, like the time of "operation" of the central source, 
the strength of the magnetic field in the jet, the escape 
of electrons from the jet, etc. While the X-ray data tell 
us about the VHE 7-ray luminosity of the central source 
at the present epoch, the radio data rather reflect the 
history of evolution of the the central source. An im- 
portant question is whether photons with energies larger 
than 10 16 eV can be effectively produced and at the same 
time freely escape the dense photon environments in the 
central engines of AGN which are believed to be powerful 
particle accelerators up to E m3X > 10 19 eV [141. 
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FIG. 5. The spectra of photons (thick solid line), nucleons 
(dashed line) and neutrinos (dotted lines) after they escape 
the region of proton accelerator close to the base of the jet. 
The initial proton spectrum is shown by the thin solid line. 
It is assumed that a beam of protons is injected to the region 
of size 10 15 cm filled with blackbody radiation with temper- 
ature 10 4 K. Total energy emitted in the VHE 7-ray beam 
is 27 % of the energy contained in the primary photon beam 
normalized to j (Edn/dE)dE = 1. 

The accelerated protons can produce VHE 7-rays in- 
teracting with the ambient photon fields (supplied, for 
example by accretion disk around the massive black hole) 
through photo-meson process. Since we need a beamed 
7-radiation emitted at a small angle to the MHD jet, the 
protons should cross the photon field almost rectilinearly. 
Therefore, the condition of a high proton-to-gamma con- 
version efficiency in the production region of a linear size 
R implies r p7 = o~ pl R n p h > 1. On the other hand, 
the produced 7-rays can effectively escape the produc- 
tion region if r 77 = a 11 R n v h < 1. Thus, the produc- 
tion region can freely escape only those 7-rays for which 
ct 77 < cr p7 . This is possible for very energetic 7-rays in 
a "hot" ambient photon gas. As an example, we show in 
Fig. [| the spectra of protons and 7-rays emerging from 
a source filled with thermal radiation with T = 10 4 K 
which serves a target for protons within a narrow energy 
interval between ~ 10 18 and 10 19 eV. Since the center 
of mass energy of 77 interaction significantly exeeds the 
threshold of pair production, (£kT)/m 2 c 4 ~ 10 6 i?i7, at 
E > 10 17 eV the pair-production cross-section becomes 
less than the (almost energy-independent) photo-meson 
production cross-section, a vl ~ 10~ 28 cm 2 . Therefore 
the E > 10 17 eV 7-rays are not only effectively pro- 
duced, but also are able to escape the source without 
significant losses. The numerical calculations shown in 
Fig. H illustrate this possibility. Note that a broader, e.g. 
power-law type proton spectrum would result in effective 
production of less energetic, E < 10 16 eV 7-rays as well. 
However, due to the increase of the 77 cross-section, only 
a small fraction of these photons can escape the source. 

To conclude, the electromagnetic cascade initiated by 
VHE photons interacting with ambient radiation fields in 
the large scale extragalactic jets is an attractive mecha- 
nism for production of ultra-relativistic electrons (with 



almost 100 percent efficiency) which can be responsi- 
ble for the observed radio-to- X-ray spectra of jets. The 
trajectories of electrons with energies below E CTit are 
isotropized by the random magnetic field B r . Such elec- 
trons form a "shell" around the cascade. Observer, who 
looks at the jet from a side, sees synchrotron and inverse 
Compton radiation only form the "shell" electrons. The 
cascade can be developed effectively in the jet provided 
that the strength of the random B-field does not exceed 
1 /j,G. On the other hand, when at a very large distances 
from the central source the random field is reduced to 
a very low level comparable with the intergalactic field, 
B ~ 10~ 9 eV or less, the cascade continues almost rec- 
tilinearly until the 10-100 TeV 7-rays start to interact 
effectively with the diffuse infrared background photons. 
This interactions would lead to the formation of observ- 
able giant pair halos with specific angular and energy dis- 
tributions depending on the intensity of diffuse infrared 
background at the cosmological epoch corresponding to 
the redshift of the central source z || . And finally, if the 
central source is a blazar, i.e. the jet is pointed to the 
observer, we may expect beamed 7-ray emission with a 
characteristic for cascades E -1 - 5 type spectrum extend- 
ing to 100 TeV. However, due to significant intergalactic 
absorption, the 7-rays will arrive with significantly dis- 
torted spectra. The possible implications of this mecha- 
nism for the TeV blazars like Mkn 421 and Mkn 501 are 
discussed elsewhere. 
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